Polyethylene glycol (PEG) is one of the most frequently used synthetic polymers for surface modifications of magnetite nanoparticles (MNPs) to provide a new opportunity for constructing high colloidal stability. Herein, a facile in situ coprecipitation technique is described for the synthesis of PEG coated MNPs using ammonium hydroxide as the precipitating agent. The structure and morphology of the prepared PEG coated MNPs samples were characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray spectroscopy, thermogravimetric analysis (TGA), and the high resolution transmission electron microscopy (HRTEM). In this study, all samples demonstrated hydrodynamic size in the range of 32 to 43 nm with narrow size distribution. In addition, the magnetic properties of resultant samples were investigated using a vibrating sample magnetometer (VSM) to reveal the superparamagnetic behaviour with saturation magnetization. The saturation magnetization of PEG coated MNPs samples was in the range of 63 to 66 emu/g at 300 K. Interestingly, it was found that 1.0 g of PEG coated MNPs exhibited high colloidal stability in a basic solution (pH = 10) and nitrile (NBR) latex up to 21 days as compared to the unmodified MNPs during the sedimentation test.
Introduction
In the past decade, magnetite nanoparticles (MNPs) have been intensively studied due to their many unique properties that could be applied in the field of biotechnology, biomedical, material science, engineering, and environmental pollution management [1] . In fact, MNPs are widely used in biomedical applications, such as drug delivery, diagnostic magnetic resonance imaging (MRI), thermal therapy, and cell labelling [2] . Nowadays, MNPs are the primary choice for most of the biomedical applications due to their low toxicity, biocompatibility, superparamagnetic behaviour, and chemical stability [3] . However, MNPs experience strong van der Waals and magnetic attractions between particles, which might cause the MNPs dispersion to be very unstable and all particles to be prone to aggregation [4] . To prevent aggregation or coagulation phenomena in colloidal system, the MNPs have to be stabilized against coagulation due to the electrostatic or steric repulsion forces [5, 6] . Therefore, a suitable surface functionalization and choice of solvent are crucial in order to achieve sufficient repulsive interactions to prevent agglomeration problem in MNPs colloidal system. Considerable efforts have been exerted to obtain a stable colloidal solution via surface modification strategy [7] . In this manner, modified MNPs can consist of long-chain organic ligands or inorganic/organic polymers, where these ligands or polymers can be introduced during (in situ coating) or after (postsynthetic coating) synthesis stage [8] . When polymer or organic molecules are attached to a charged particle surface, the MNPs can be stabilized by combining both steric stabilization and electrostatic stabilization [9] .
In the present study, polyethylene glycol (PEG) was selected as a promising synthetic polymer for surface modifications of MNPs [10] . As a matter of fact, PEG is a hydrophilic, highly water soluble, biocompatible, nonantigenic, and protein-resistant polymer. The solubility of PEG in water has been attributed to its hydration with bound water molecules, which increases with polymer molecular weight [11] . In addition, PEGs are FDA-approved excipients in numerous pharmaceutical formulations due to their biocompatibility property [12] . To the best of our knowledge, the literature regarding the formation of PEG coated MNPs via a facile in situ 2 Journal of Nanomaterials coprecipitation technique for the improvement of colloidal stability in a basic solution (pH = 10) and nitrile (NBR) latex is still lacking. Therefore, this study aims to optimize the loading amount of PEG on MNPs towards to the high colloidal stability performance in a basic solution (pH = 10) and nitrile (NBR) latex. The chemical structure of PEG is presented in Figure 1 . into the solution to reach a fixed volume. These reactions were carried out at 60 ∘ C under oxidizing environment and stirring was continued for another 90 minutes. The solution was stirred mechanically at 350 rpm by mechanical homogenizer throughout the experiment. PEG coated MNPs samples were fabricated using in situ coating technique, where PEG 600 Da with different loading amount were introduced into the iron salts solution before the addition of ammonium hydroxide solution. The loading amount of PEG 600 Da was varied as 0.6 g, 0.8 g, 1.0 g, 2.0 g, and 3.0 g, respectively. The resultant black precipitate was isolated by magnetic decantation and dried at room temperature after washing 3 times with deionized water.
Materials and Methods

Characterization. Dynamic Light Scattering (DLS) tech-
nique is used to measure hydrodynamic size of the prepared MNPs at pH 10 condition using Malvern Zetasizer Nano-ZS [Measurement range: 0.3 nm-10.0 microns * (diameter)]. This technique measures the diffusion of particles moving under Brownian motion and converts this to size and a size distribution using the Stokes-Einstein relationship. In order to obtain more reliable information about the hydrodynamic size, CONTIN was applied in our DLS system. Meanwhile, crystalline phase of MNPs was studied by X-ray diffraction using Cu K radiation (XRD, = 1.5406Å, Bruker axs D8 Advance diffractometer). In addition to that, the MNPs were also characterized by Fourier transform infrared spectroscopy (Bruker ifs 66/s FTIR spectrometer) and thermogravimetric analysis (Mettler Toledo, TGA/SDTA-851). The high resolution transmission electron microscopy (HRTEM) study was carried out on an electron microscopy instrument (JEM-2100F) with accelerating voltage 200 kV for providing the better resolution image (with aberration correction). The average particle size was measured and recorded for at least 20 particles from the HRTEM image. The powders for HRTEM were dispersed in ethanol and the suspension was then dropped on copper grid. The magnetic properties of MNPs were investigated in a vibrating sample magnetometer (VSM, LakeShore 7400; Chicago, IL, USA) at 300 K.
Results and Discussion
The effect of different loading amount of PEG 600 Da on MNPs towards the high colloidal stability performance is discussed. The hydrodynamic diameter and size distributions of MNPs with different loading of PEG 600 Da were shown in Table 1 .
It is worthy to note that the addition of PEG 600 Da to MNPs resulted in a smaller hydrodynamic size and narrower size distribution. In addition to that, it could be observed that the zeta potential for uncoated MNPs sample exhibited the negative charge value of about −29.8 mV. The main reason was mainly due to the OH-ions associated with the surface of MNPs at pH 10 basic medium. However, zeta potential value for modified MNPs was increasing from ∼35 mV up to ∼46 mV after the addition of PEG from 0.6 g to 3.0 g. In fact, these obtained results indirectly inferred that PEG segment coated on MNPs samples could lead to a more pronounced electrostatic stabilization and better water dispersibility performance as compared to the MNPs [13] .
It is well-known fact that surface morphology change of modified MNPs is closely related to their crystal growth. [14] . However, the diffraction peaks are weaker in terms of peak's intensity and much broader for the modified MNPs samples when increasing the loading amount of PEG 600 Da. These results showed that the increasing of loading amount of PEG showed a reduction of MNPs crystallinity [15] . The estimated crystallite size of uncoated MNPs was decreased accordingly when the loading amount of PEG was increasing from 0.6 g up to 3.0 g. The estimated crystallite sizes of uncoated MNPs sample and PEG (0.6 g, 0.8 g, 1.0 g, 2.0 g, and 3.0 g) coated on MNPs samples are approximately 13.60 nm, 12.30 nm, 11.90 nm, 10.70 nm, 10.40 nm, and 9.30 nm, respectively. These results further ascertained that the addition of the polymer PEG 600 Da plays a crucial role in controlling the size of the MNPs.
Next, FTIR analysis was carried out to further investigate the adsorption of the PEG on the surface of synthesized MNPs. Figure 3 shows the FTIR spectra of synthesized MNPs coating with different amount of PEG 600. Four peaks at 430 cm −1 , 580 cm −1 , 1630 cm −1 , and 3400 cm −1 appeared in the spectrum of uncoated MNPs. The peaks at 430 cm −1 and 580 cm −1 were assigned to magnetite phase while the peaks at 1633 cm −1 and 3400 cm −1 were attributed to the stretching -OH vibration of water molecules. In PEG parameter, the peak obtained at ∼1633 cm −1 was assigned to the stretching of -OH band and asymmetric carboxylate (COO-) stretching vibration, while the peak at ∼1403 cm −1 was attributed to the vibration of -CH. These peaks corresponding to the bonds -CH and -COO-are the strong evidence to show that the synthesized MNPs surface has been coated with PEG and coordinated through carbonyl group in PEG [15, 16] . The characteristic peaks of PEG polymer at around 950 cm −1 and 1080 cm −1 that correspond to the C-C stretch and C-O-C stretch disappeared in the FTIR spectrum of PEG coated MNPs samples. This result indicates a dipole-cation binding between the ether group of PEG and the positive charge of MNPs [17] . Figure 4 shows the images obtained by high resolution transmission microscopy (HRTEM) for two selected samples, namely, uncoated MNPs and PEG (1.0 g) coated MNPs. From Figure 4 (a), round shaped particles with an average particle size of 15.5 nm ± 3.5 nm were observed for the uncoated MNPs. Nyirő-Kósa and coresearchers claimed that the shape changes correlated with the crystallite size and the samples with crystal size of smaller than ∼25 nm are said to contain irregular and round shaped particles [18] . Nevertheless, addition of sufficient amount of PEG could act as a stabilizer and dispersing agent; hence MNPs of well-defined and homogeneous shape with smaller particle size, about 14.1 nm ± 2.3 nm (Figure 4(b) ), were produced. The average particle size was in good agreement with XRD results, where the crystallite sizes obtained for uncoated MNPs and PEG (1.0 g) coated MNPs were approximately 13.6 nm and 12.3 nm, respectively. These results also clearly indicate that the synthesized MNPs were single crystal and in single-domain state [19] . Figure 5 shows the TGA curves of the MNPs with different loading amount of PEG 600 Da. According to Figure 5 , a slight weight loss at temperature below 100 ∘ C could be noticed for all of the tested samples. In this manner, the weight loss of MNPs at below 100 ∘ C is likely to be caused by the contained water [20] . The moisture content found in all samples was about 0.33% up to 1.35% based on calculation. For uncoated MNPs, a weight loss of 3.68% was observed at 100-600 ∘ C. The main reason might be attributed to the decomposition of hydroxyl group on the surface of MNPs [21] . The TGA curves for PEG coated MNPs samples showed a sharp fall over the range of temperature from 160 ∘ C to 450 ∘ C under the second stage of weight reduction as presented in Figure 5 . This condition was believed due to desorption and subsequent evaporation of PEG [17] . In fact, phase transformation from magnetite (Fe 3 O 4 ) to maghemite ( -Fe 2 O 3 ) has occurred during this stage. However, the weight gain produced by this phase transformation could not be detected as it is concealed by the remarkable weight loss due to combustion of PEG. The third weight loss in between 450 ∘ C to 800 ∘ C was attributed to the phase transition of MNPs. In this stage, the maghemite phase of MNPs was produced during the combustion of PEG and then transformed into hematite ( -Fe 2 O 3 ) phase [17] . Lastly, the content of coating agent of PEG (0.6 g, 0.8 g, 1.0 g, 2.0 g, and 3.0 g) coated on MNPs samples was estimated to be about 2.02%, 2.83%, 3.17%, 4.68%, and 5.68%, respectively.
A vibrating sampler magnetometer (VSM) was used to measure magnetic properties of uncoated MNPs sample and PEG coated MNPs samples. The hysteresis curves of the synthesized samples were measured at 300 K and presented in Table 2 . It should be noted that the uncoated MNPs have saturation magnetization (Ms) of 80.23 emu/g at 10 kOe and a coercivity of 14.71 Oe, which are close to the bulk value of magnetite about 85-100 emu/g and 115-150 Oe, respectively [22] . The Ms of PEG coated samples was gradually decreased from 66.56 emu/g to 63.24 emu/g as the PEG loading amount was increased from 0.6 g to 3.0 g. These values of saturation magnetization were much larger than the result reported by Anbarasu et al. [15] (51-62 emu/g). The reduction of saturation magnetization of MNPs might be attributed to the reduction of crystallite size of synthesized MNPs and the existence of diamagnetic shell that encapsulated the MNPs [23, 24] . Overall, all samples showed superparamagnetic behaviour, with coercivity and remanence values less than 10 Oe and 2 emu/g, respectively ( Figure 6 ).
Sedimentation test was carried out to study the colloidal stability of uncoated MNPs and PEG coated MNPs samples in different mediums up to 21 days, including basic medium of pH 10 (water) and nitrile (NBR) latex studies as illustrated in Tables 3 and 4 , respectively. Based on the results obtained, it was found that uncoated MNPs started to sediment within 3 days and complete precipitation in 7 days. In fact, the uncoated MNPs tend to precipitate rapidly due to strong magnetic dipole-dipole attraction between magnetite particles [24] . Interestingly, it was found that addition of 1.0 g of PEG 600 coated on MNPs exhibited the good colloidal stability in water (pH = 10) and nitrile (NBR) latex solution among the samples. These results clearly demonstrate the significant effects of different PEG contents coated on MNPs samples on the colloidal stability performances. This finding might be attributed to a primary coating layer that is chemically absorbed on the surface of MNPs and eventually formed a stable colloidal solution with high electrophoretic mobility.
Conclusions
In summary, PEG coated MNPs samples were successfully prepared via a facile in situ coprecipitation technique. It was found that 1.0 g of PEG coated MNPs exhibited high colloidal stability in a basic solution (pH = 10) and nitrile (NBR) latex Journal of Nanomaterials 5 
